Abstract-We report on the design and experimental evaluation of AlGaInAs/InP multiquantum well epistructures for modelocked emission at 1.5 μm. We show that mode-locked lasers fabricated on an optimized three quantum well active region with a low optical confinement factor deliver pulses with increased peak power and stability over a much wider biasing range than those fabricated using a standard five quantum well design. Sonogram measurements indicate that sub-ps symmetrical pulses with a substantially reduced linear blue chirp are generated up to nearly three times the laser current threshold.
High-Power and Low-Noise Mode-Locking Operation of Al-Quaternary Laser Diodes I. INTRODUCTION M ODE-LOCKED lasers (MLLs) are effective sources of periodic sequences of coherent optical pulses and constitute a fundamental component in a range of optical communications and spectroscopy applications [1] [2] [3] . Passive modelocking (PML), based on the combination of gain and loss saturation mechanisms resulting in self-sustained pulsed optical output has been demonstrated in many different types of laser systems [4] [5] [6] . Since the first demonstration of PML on a multi-contact monolithic semiconductor laser [7] , integrated MLLs have been the subject of great research interest because of their low cost, high efficiency and short cavity lengths that lead to repetition rates ranging between 40 GHz to 2 THz. Stable, high repetition rate trains of optical pulses have been obtained exploiting monolithic geometries on a range of material systems, from multi-quantum-well (MQW) [8] , to quantum dot [9] [10] [11] and quantum dash [12] systems. However, their operation is usually limited to average output levels of a few tens of milliwatts per facet, due to the bleaching of the saturable absorber at increasing intra-cavity optical intensity, and to pulse energies of a few pJ because of gain saturation. Furthermore, non-linearities such as self-phase modulation (SPM) tend to broaden the pulses in time and frequency, and result in a large increase in jitter and chirp.
In this work, we investigate the effect of an optimized epitaxial structure for increasing the pulse energies and improving mode-locking (ML) properties of semiconductor lasers, such as emission stability, timing jitter, pulse width and chirp. The article is organized as follows: Section II illustrates the investigated epitaxial structures, presents an overview of the operational parameters of interest and discusses the modifications introduced. Section III compares the performance of a standard 5 quantum well (QW) epi-layer design and the modified 3 QW design through a detailed experimental characterization of the devices. Finally, Section IV summarizes the results.
II. DEVICE DESIGN
The laser material used as a reference in this work was a commercially available MQW InAlGaAs/InP wafer structure with a gain region consisting of five 6 nm thick compressively strained AlGaInAs QWs and six 10 nm thick slightly tensile strained barriers. On each side of the QWs, the core layers are formed by 60 nm graded-index separate confinement heterostructures (GRINSCHs). More detailed description of the epitaxial structure can be found in [13] . The structure has been assessed in great detail over the last few years and showed excellent performance when used for fabricating semiconductor ring lasers [14] , distributed feedback [15] lasers and narrow radio frequency (RF) linewidth semiconductor MLLs. However, the epitaxial structure was not designed with MLL operation in mind.
The following section will discuss how the epi-layer structure can be improved to deliver high pulse energy, low timing jitter, narrow pulsewidths, stable ML operation over a wide parameter range and low chirp.
A. Pulse Energy
Conventional monolithic semiconductor mode-locked lasers (SMLLs), although compact and low-cost compared to their solid-state and fiber counterparts, typically produce low energy pulses and limited average output powers. The maximum achievable pulse energy is dependent on the gain saturation energy, E sat [16] , which is given by the following relation [17] :
where hν is the energy of the photons, A is the optical crosssectional area, Γ is the optical confinement factor and dg/dN is the differential modal gain. Eq. (1) shows that higher gain saturation can be achieved by increasing the modal size, and by reducing the modal confinement and differential gain.
B. Timing Jitter
Timing jitter is an intrinsic characteristic of SMLLs, originating mainly from spontaneous emission and carrier fluctuations within the cavity [18] . A decreased coupling of the amplified spontaneous emission to the guided optical mode results in a narrower RF linewidth and a lower timing jitter [19] . The spontaneous emission coupling factor β sp is related to the number of spontaneously emitted photons coupled to the lasing mode, and is given by [20] :
where Γ a is the optical confinement factor of the active layer, r sp is the spontaneous emission coupling rate to the guided mode, and R sp is the total spontaneous emission rate. Eq. (2) shows that β sp , and consequently the timing jitter, decrease with the modal gain overlap Γ a .
C. Pulsewidth and Chirp
The optical pulses circulating in the cavity of SMLLs are subjected to pulse shaping mechanisms in the gain and saturable absorber sections as a consequence of the interplay between the dynamical variations of gain and absorption in the material. The temporal intensity dependence of the refractive index leads to the nonlinear phenomenon of SPM, which modifies the optical spectrum [21] . More precisely, as the gain reaches the saturation level, the carriers coupled to the refractive index through the linewidth enhancement factor (α-factor) induce a phase modulation of the optical pulse, which shifts the optical spectrum towards longer wavelengths and broadens it beyond the Fourier transform limit. At high pulse energy, the temporal pulse broadening and timing jitter are exacerbated by the gain dispersion induced by the group velocity dispersion (GVD) [21] . An opposite effect is triggered by the saturation of the saturable absorber (SA), which operates in a high-carrier density regime, and hence blue-shifts the optical spectrum and provides phase stabilization [16] . The resulting pulse frequency chirp depends on the mutual relationship between the saturation energies in the gain and absorber sections. A simple technique to reduce the pulse chirp is to decrease the broadening in the gain section by increasing its gain saturation level. As previously discussed, high gain saturation is also a requirement for high pulse energy and low timing jitter, and this can be achieved by optimizing the mode size, differential gain and optical confinement factor (see Eqs. (1), (2)).
Based on the above discussion, an optimized laser material was designed and verified experimentally. The number of QWs was reduced from five to three in order to decrease the differential gain. Furthermore, a passive far field reduction layer (FRL) was inserted in the lower n-type cladding layer to expand the modal spot size [22] . The modal expansion caused by the FRL has two main advantages: first, it decreases the output beam divergence angle and hence improve the coupling to single mode fibers; second, it reduces the confinement factor Γ and therefore decreases the spontaneous emission coupling factor and further increases the saturation energy. The structure consists of SMLLs were fabricated with standard lithographic, dry etching, planarization and metallization techniques [23] on both the standard 5 QW and optimized 3 QW epi-layer designs. A schematic diagram showing the devices layout and an SEM image of the examined MLLs are presented in Fig. 1 . The devices were designed to operate with a sub-40 GHz repetition rate. The total cavity length of 1136 and 1256 μm was defined by the chip cleaving and resulted in a fundamental repetition rate of 38.8 and 35.1 GHz for the 5 QW and 3 QW devices, respectively. The devices reported in this work have SA lengths corresponding to 3.5% of the total cavity length of the lasers, which produced the best ML performance (narrow and stable pulses over the greatest range of gain currents and SA voltages). The absorber section was placed next to one of the facets and the electrical isolation between the gain and the SA sections was realized by a 10 μm wide gap between the p-type metal contacts. PML was obtained by forward biasing and reverse biasing the gain and absorber regions, respectively.
III. EXPERIMENTAL RESULTS

A. Gain and Absorption Characteristics
Gain and loss measurements were first performed to evaluate the effects of the introduced material modifications on parameters such as the material loss coefficient, threshold current density and gain peak wavelength. The results of the gain characterization in Fig. 2 show the modal gain coefficient spectra of the dominant transverse electric (TE) component for different injected current values for 5 QW and 3 QW devices. The standard material demonstrates positive gain coefficient values at a current density of 0.78 kA/cm 2 , compared to the ∼1 kA/cm 2 for the modified structure. The 3QW structure has a lower gain peak that the 5QW structure at current densities above 1 kA/cm 2 , which results from its lower confinement factor. This feature gives weaker gain dispersion, and, through the α-factor, lowers the GVD. The modal gain and absorption coefficient spectra (with the latter shown in Fig. 3 ) were used to evaluate both the internal losses and differential gain of the materials [24] , which gave values of ∼20 cm −1 and ∼5 × 10 −17 cm 2 for the 5 QW design, and ∼8 cm −1 and 2.7 × 10 −17 cm 2 for the 3 QW design. These figures were confirmed through the characterization of broad area lasers with varying cavity lengths [25] , [26] . The reduction in the differential gain is a consequence of the reduction in the number of QWs, while the lower optical losses are caused by the reduced optical interaction with the highly lossy p-type doped cladding.
A comparison of the LI curves, for both 3 QW and 5 QW devices, is shown in Fig. 4 . The lasing threshold in the standard material is lower (∼30 mA) than that presented by the new epilayer structure (∼50 mA) consistently with the outcome of the gain measurements. The slope efficiency improves substantially from 0.14 to 0.21 W/A at V SA = 0 V, as expected from the reduction in the internal losses [27] .
B. Characterization of the SMLLs
The experimental set-up used for the basic characterization of the ML of the devices is presented in Fig. 5 . The backside temperature of the laser sub-mount is controlled using a Peltier cell, and kept at the temperature of 20°C. The light emitted from the facet is coupled into an AR-coated lensed fiber, connected to a fiber pigtailed isolator. The optical signal is simultaneously distributed to an intensity autocorrelator (IAC), an optical spectrum analyzer and an RF analyzer (45%, 10% and 45% of the total power, respectively). The electrical signal of the 45 GHz photodiode is amplified with an RF amplifier (27 dB of gain), while the optical signal is amplified using an erbium-doped fiber amplifier, with 15 dB of gain. IAC measurements are performed with a Femtochrome background-free IAC. The whole measurement apparatus is remotely controlled with a PC, allowing for automatic and simultaneous acquisition of all the SMLL parameters.
The dynamical behavior of the devices was characterized for a range of gain section currents (I g ) and SA reverse voltages (V SA ) values. In order to create a comprehensive overview of the ML operation, a number of operational parameters were monitored. These included the output power, the full width at half maximum (FWHM), intensity, and peak-to-pedestal ratio of the second harmonic generation intensity autocorrelation, the optical spectrum (peak wavelength, FWHM and modulation depth), the time-bandwidth product (TBP) between the optical spectrum and the non-deconvolved IAC pulsewidth, the RF spectrum (peak frequency, amplitude and FWHM around the fundamental repetition frequency, as well as low frequency components below 5 GHz).
The comparison of the intensity autocorrelation traces (see Fig. 6(a) and (b) ) indicates that the shortest attainable pulse decreases from 1.1 ps for the 5 QW material to 0.8 ps for the improved design. The maps of the IAC pulsewidth as a function of the laser biasing parameters also show that the 3 QW material generates stable pulses over a much wider range of biasing conditions. In fact, pulses with a FWHM of less than 1.5 ps (black line in Fig. 6(c) and (d) ) occur over an interval of SA voltages and currents as wide as -1.4 to -3 V and 55 to 100 mA, respectively. It is also worth mentioning that the 3 QW material requires a lower reverse bias before stable ML is established (-1.4 V as compared to -2.5 V for the 5 QW material). Furthermore, by comparing the areas of the maps outside the optimum ML region, it can be seen that the 3 QW devices are less affected by the self-pulsation (SP) phenomenon, which only arises for low gain currents and SA reverse biases. The SP phenomenon is a very detrimental effect in monolithic MLLs, triggered by the carrier density fluctuation and causing a periodic modulation of the pulse train at frequencies lower than the roundtrip frequency [28] . A detailed analysis of the interplay between stable ML and SP can be found in [29] . It is worth noting that stable ML and SP regions are clearly distinct in the 3 QW material, whereas the MLL operation in the 5 QW material is affected by SPs in a much larger fraction of parameter space, which explain the higher pedestal observed in the IAC traces.
The optical spectra for both the 3 QW and the 5 QW SMLLs are juxtaposed in Fig. 7 , together with the parametric maps displaying the FWHM of the spectra. With regards to the optical spectrum, stable ML is generally characterized by a symmetrical, single-lobed trace with a comb modulation depth greater than 10 dB and a FWHM ranging between 4 and 12 nm. A general feature on the spectra for the 3 QW devices is the absence of the short wavelength side-lobe that is present in the spectra of the 5 QW devices. The maximum FWHM of the optical spectrum within the optimum ML region is approximately 9 nm in the 5 QW case, whereas it extends to 11 nm for the 3 QW devices. Moreover, the 3 QW material shows a much wider range of gain currents over which the FWHM is greater than 10 nm (see Fig. 7(c) and (d) ).
The product between the IAC pulsewidth and the FWHM of the optical spectrum yields the TBP of the emitted pulses. To avoid any assumption on the shape of the pulses emitted by the SMLLs, the non-deconvolved pulsewidths directly obtained from the IAC trace were used, which yields a minimum measured TBP of 0.485. If a sech 2 shape was assumed, which was found to be a better fit than a Gaussian envelope, the TBP of a transform-limited pulse would be 0.315. TBP larger than the transform-limited value are the consequence of chirp on the emitted pulses or intensity substructures in their temporal envelopes. The parametric maps of the TBP of the pulses are shown in Fig. 8 , both for the 5 QW and 3 QW devices.
Despite the fact that none of the measured pulses were transform-limited, once again a definite improvement can be clearly seen for the 3 QW device, whose minimum TBP was 0.8 compared to a minimum value of 1.1 for the 5 QW SMLL. Moreover, the 3 QW material produced a consistently lower TBP across a much wider range of currents and voltages as shown in the colour maps in Fig. 8 . This is a first indication that the epitaxial optimization of the laser structure reduces the pulse broadening, producing optical pulses which exhibit lower optical chirp and parasitic temporal substructure.
The reduction of the timing jitter in the 3 QW lasers was confirmed by the analysis of the RF spectra on both material platforms. For the 5QW material, the RF 10 dB linewidth value varies between 1 MHz and 30 MHz in the optimum ML region. Fig. 9(a) shows the RF spectrum for the narrowest pulse emitted by the 5QW device; which gives a 10 dB RF linewidth value of 7.76 MHz. In general, there was no discernable correlation between the parameter ranges producing the narrowest pulsewidth and those producing the best RF linewidth. The narrowest RF signals are found for currents close to threshold, with the RF line broadening as the current is increased. It is worth noting that values below 100 kHz have been recorded for high gain pumping above three times the laser current threshold, where multimode dynamics sometimes lead to the generation of high-intensity and narrow-linewidth RF peaks. However, these narrow RF lines are the result of incomplete ML that manifests itself with the presence of a pedestal in the time domain and a slow amplitude modulation with a periodicity dictated by the relaxation oscillations. Similarly, for the 3 QW SMLLs the narrowest 10 dB RF linewidth does not correspond to the narrowest pulse, which produces an RF signal with a 620 kHz 10 dB linewidth, shown in Fig. 9(b) . When compared to the 5 QW lasers, the RF 10 dB linewidth values of the 3 QW devices are smaller over a much wider range of currents and voltages indicating improved performance (see Fig. 9(c) and (d) ).
C. Chirp Measurements
The pulse intensity and phase profile have been obtained with the sonogram technique, as described in [30] . The sonogram trace is a time-frequency representation of the optical pulse, of which it measures the arrival time of successive pulse spectral slices, i.e., the group delay (GD). The analysis of the GD evolution with respect to the wavelength can provide useful information about the optical chirp affecting the pulses.
An example of a measurement taken for a 5 QW device is displayed in Fig. 10 , where two sonogram traces and the corresponding retrieved temporal intensity and phase profiles are compared for the laser operating under optimum ML conditions (I G = 70 mA) and for the laser driven at high gain current (I G = 110 mA).
The effect of non-optimal biasing is clearly visible in the pulse temporal characteristics. Not only does the FWHM of the pulse increase from 0.69 to 1.53 ps, but the pulse also presents trailing edge sub-structures. It is worth mentioning that these details would be completely inaccessible through standard measurements of the pulse optical spectrum or of the IAC. In fact, an estimation of the temporal pulse width based only on IAC measurements would require an assumption on the pulse shape and lead to incorrect results, since both the shape and the sub-structure of the pulse change with the biasing conditions. The deconvolution factor, i.e., the ratio between the FWHM values from the IAC and those of the retrieved pulse, for the analyzed 5 QW device of Fig. 10 was found to vary between 1.22 and 2.14.
The results obtained for the 3 QW devices are shown in Fig. 11 , again comparing the traces obtained for ML under optimal bias conditions and for high gain pumping. The effect of non-optimum biasing is visible through the broadening of the pulse, although the effect is not as pronounced as it was for the 5 QW devices, given the absence of substructures in the trailing edge of the pulse. The minimum recorded pulse width was 0.57 ps for the 3 QW device, against 0.69 ps obtained for the 5 QW. As a general trend, it was found that the temporal profile of pulses obtained from 3 QW devices is more smooth and symmetric than for the pulses emitted from 5 QW devices, and the deconvolution factor for the best pulses has a value of 1.64, close to the value associated with an ideal sech 2 pulse (1.54). A summary of the chirp measurements across the ML region for both 5 QW and 3 QW device is shown in Fig. 12 , where the GD profiles of 5 QW and 3 QW SMLLs are compared for various biasing currents. All devices show a general trend of positive linear chirp in the pulse phase with the chirp being more sensitive to bias variations in the gain section than in the SA. The prevailing positive chirp observed in the characterized SMLLs agrees with previously reported theoretical phase profiles in passively mode-locked semiconductor devices [31] , [32] . A clear trend of the 5 QW devices is a pronounced increase of chirp with increasing gain current that is accompanied by the presence of higher order chirp. The 3 QW devices exhibit both a lower and more linear chirp up to bias currents of over two times the threshold. Furthermore, the chirp profile shows very little variations over the biasing parameter region that shows stable ML.
IV. CONCLUSION
In summary, we have demonstrated how optimization of the epitaxial structure of the laser material can greatly improve the ML performance. Specifically, we have confirmed that reducing the number of QWs and introducing a FRL to expand the optical mode profile lead to an increase in the gain saturation energy and a decrease in both the spontaneous emission coupling factor and internal losses. These modifications have a substantial and positive impact on the peak power, pulsewidth, timing jitter and chirp of the emitted optical pulses. To quantify the benefits of the new design, device performance under ML operation have been assessed and compared to those of SMLLs fabricated on a standard 5 QW laser material. The new design shows an increase in the maximum peak power from ∼130 to ∼250 mW, a decrease in the minimum pulsewidth from 690 to 570 fs and from 7.76 MHz to 620 kHz in the RF 10 dB linewidth. Of great relevance to applications is also the substantial increase of the biasing parameter region over which the devices fabricated on the new material exhibit stable ML operation. A thorough comparison of the emitted pulses on the two material systems was performed with a sonogram technique, which provided detailed information on the shape of the pulse and evolution of the chirp as a function of the biasing parameters. The increased gain saturation level in the 3 QW design and the subsequent reduction in non-linear effects lead to the formation of more symmetrical pulses with lower chirp. Furthermore, the chirp in the pulses is more linear and much less affected by changes in the gain current.
